Severe RSV infections and frequent recurrence could be related to the altered polarization of type-2/type-1 T cells. This increases the importance of determining distinctive chemokines and chemokine receptor profiles on memory T cells. We analyzed systemic adaptive T cell response in the acute ( = 17) and convalescent phase ( = 7) of RSV-infected children, in the acute ( = 11) and convalescent phase ( = 6) of children with other viral respiratory infections (adenovirus and influenza virus), and in healthy children ( = 18). Expression of CCR4 and CXCR3 on effector-memory (T EM ) and central-memory (T CM ) T cells was compared between tested groups. Serum concentrations of specific chemokines were determined. High CXCL10 levels were detected in acutely infected children regardless of virus pathogen, whereas increased CCL17 production was RSV-specific. Higher percentages of CCR4 + CD4 T EM cells in acute RSV infection were accompanied with higher percentages of CXCR3 + CD8 T EM cells, whereas the development of long-lived memory CXCR3 + CD4 and CD8 T CM cells seems to be compromised, as only children with other viral infections had higher percentages in the convalescent phase. Presence of type-2 and type-1 adaptive antiviral immune response, together with insufficient development of long-lived type-1 T cell memory, could play an important role in RSV pathogenesis and reinfection.
Introduction
RSV is the most common respiratory pathogen in infants which can cause severe bronchiolitis with pronounced airway hyperreactivity [1] . Frequent rate of RSV reinfections throughout the childhood implicates inadequate development of Th1 and Th2 responses which is evident from simultaneous IFN-and IL-4/IL-5 production [2, 3] .
The efficient antiviral response induces infiltration of Th1 polarized virus-specific CD4 and CD8 T cells via multiple chemokines and their cognate chemokine receptors. Correspondingly, CXCR3 and CCR5 chemokine receptors are expressed on activated type-1 T cells and associated with their local recruitment toward specific chemokines CXCL9, CXCL10, and CCL5 released by RSV-infected epithelial cells [4, 5] . Activated IFN-producing type-1 T cells are required for the efficient defense against lower respiratory tract RSV infection [6] , but overactivated type-1 effector-memory CD8 T cells (T EM ), observed as the occurrence of high CD8/CD4 T EM cell ratio in lungs [7] , can also contribute to the development of more severe pathology and RSV-airway hyperreactivity, respectively. It has also been noticed that, at the peak of the disease, RSV-infected infants have increased CXCL10 levels [8] and enrichment of CXCR3 + T cells in lungs that might be responsible for the underlying pathology. CXCR3 expression occurs upon activation on naïve T cells which potently migrate toward cognate CXCL10 ligand [9] . These proinflammatory T cells also coproduce high TNFlevels, which could also be related to the disease severity [10] . RSV has developed different mechanisms to modify a local microenvironment and influence effector-memory differentiation of CD8 T cells [11] irrespective of systemic anti-RSV response [12] . Heidema et al. have shown that lung CD8 T EM cells, known for high IFN-production and granzyme/perforin-mediated cytotoxicity [7] , undergo functional switch to FasL and TRAIL-dependent cytotoxicity that is associated with severe pathology [13] .
Another possible underlying mechanism of RSVmediated interference with antiviral immune response could be the induction of Th2 immune response mediated by thymic stromal lymphopoietin (TSLP), which is capable of modifying Th1-polarization capacity of dendritic cells toward Th2, as observed in infected mice [14] . These dendritic cells release CCL17 and CCL22 chemokines [15, 16] and ultimately potentiate migration of CCR4 + Th2 cells [17, 18] involved in type-2 immune response [19] . Moreover, the immune system of newborns favors the Th2 adaptive immune response [2] that might confront efficient Th1 antiviral immune response in primary RSV infection as shown in higher CCR4
+ to CXCR3 + CD4 T cell ratio [20] . In the present study we analyzed systemic adaptive T cell response in the acute and convalescent phase of primary RSV infection in hospitalized infants with bronchiolitis. Increased chemokines CCL17 and CXCL10 levels were detected in serum of infected infants compared to healthy control subjects but increased CCL17 production was strictly RSV-specific. In parallel, higher percentage of CD4 T EM cells expressed CCR4 in the acute RSV phase, with CXCR3 expression comparable to healthy and non-RSVinfected infants.
RSV-infected infants had higher percentages of CD8 T EM cells expressing CXCR3 receptor in the acute infection, but development of long-lived central-memory CXCR3 + CD4 and CD8 T cells (T CM ) seems to be compromised as only infants with other viral infections had higher percentages in the convalescent phase.
Materials and Methods

Patients.
During two respiratory infectious seasons blood samples were collected from children under 2 years of age hospitalized due to severe acute respiratory infections caused by RSV or other viruses (adenovirus and influenza). Samples were acquired within the first 6 days of hospitalization. Patients receiving steroids, or with ongoing allergies, or with immunologic or hematologic disorders were not included. Second blood drawing was performed 4-6 weeks after first sampling (convalescent phase). Blood samples from healthy children younger than 2 years of age, without clinical evidence of allergic, immunologic, or hematologic disorders, infectious diseases, or ongoing corticosteroid therapy at least during the period of 4 weeks prior to blood drawing, were also collected.
Clinical findings like wheezing, oxygen saturation, respiratory frequency, and heart rate together with length of hospitalization, need for O 2 supplementation, need for mechanic ventilation, and X-ray findings were individually assessed to describe disease severity. Wheezing was determined with inspection of prolonged expiration and with lung auscultation. It was described with 2 variables: the presence of wheezing and number of days that the wheezing was observed. Chest X-ray findings provided us with the information regarding the presence of bronchiolitis or pneumonia. O 2 saturation was determined by percutaneous method.
Virus detection in infected children was performed in nasopharyngeal secretions using direct immunofluorescence test (light diagnostics) for respiratory viruses (adenovirus, influenza virus, parainfluenza virus, and RSV). Blood and urine culture was performed only if indicated.
Laboratory parameters such as erythrocyte sedimentation rate (ESR), white blood cell count, and C-reactive protein (CRP) [21] , together with pharyngeal and nasopharyngeal swabs, were used to exclude bacterial infections.
The study was approved by the medical ethics committees of participating hospitals and parental/guardian consent was given.
Serum and PBMCs.
Peripheral blood was collected into blood sample tubes containing either sodium heparin for isolation of peripheral blood mononuclear cells (PBMCs) or clot activator and silicon for serum isolation (BD Vacutainer Blood Collection Tubes, BD). PBMCs were isolated using density gradient on Ficoll-Paque Plus (GE Healthcare BioSciences AB). Frozen PBMCs were stored in liquid nitrogen until further processing. For each subject, serum was separated and stored at −80 ∘ C until further analysis. 
Results
3.1.
Collected Samples. Among 46 tested children, there were 17 RSV positive (age: median 3.5 months, range 0.5-14 months; 7 followed up 4-6 weeks later), 11 with other respiratory viral infections (non-RSV infants; age: median 16 months, range 2-22.4 months; 2 infected with influenza virus and 9 infected with adenovirus; 6 followed up 4-6 weeks later), and 18 healthy controls (age: median 10.5 months, range 0.1-22.4 months). All the tested children were Caucasian. Clinical parameters revealed that 12 patients in RSV group suffered from wheezing that lasted in average for 3 days (range 1-10 days), and in 4 RSV-infected patients family atopy was noticed. RSV-infected children had O 2 saturation less than 95% (range 78%-94.6%) but only 4 required oxygen supplementation. Respiratory frequency was in average 48 breaths per minute (range 36-80) and heart rate 145 beats per minute (range 134-176). Only one infant needed to be placed in intensive care unit and stayed there for 3-day observation. None of tested children needed intubation or invasive/noninvasive ventilatory support. To describe disease severity of infected infants, severity score was generated as described in Table 1 . Complete demographic and clinical data findings are provided in Table 2 .
Chemokine
Profile. CXCL9, CXCL10, CXCL11, CCL17, and CCL22 chemokine levels were compared between infected and healthy children. CXCL10 levels (Figure 1(a) ) were significantly elevated in acute infections with median concentration 3507 pg/mL for RSV and 4678 pg/mL for other viral infections compared to healthy children (1303 pg/mL). Expression of CXCL9 (Figure 1(b) ) was higher in non-RSV children (5081 pg/mL) compared to RSV-infected children (1278 pg/mL) and healthy controls (1172 pg/mL), whereas CXCL11 was not detected in any of tested children (data not shown).
Levels of CCL17 (Figure 1 (c)) were significantly elevated (1112 pg/mL) only in RSV-infected children compared to healthy (5129 pg/mL) and non-RSV children (4622 pg/mL). CCL22 serum levels were comparable among healthy and infected children (Figure 1(d) ).
Chemokine Receptors CXCR3 and CCR4 on T Cells.
Chemokines are responsible for recruitment of lymphocytes expressing specific receptor to the site of infection. Th1-associated CXCL9 and CXCL10 chemokines share specific receptor CXCR3, whereas CCL17 and CCL22 are Th2-associated chemokines which specifically bind to CCR4 receptor. In acute respiratory infections there were no differences in percentages of CXCR3 + or CCR4 + CD4 T cells compared to healthy children (Figures 2(a) and 2(c) ). Expression of CCR4 on CD8 T cells was lower compared to CD4 T cells and did not show statistical difference between tested children (Figure 2(b) ). Contrarily, CXCR3 + CD8 T cell abundance (Figure 2(d) ) in children with acute RSV infections (median 59.9%) was significantly higher compared to non-RSV children (median 32.4%) and healthy controls (median 16.9%). causes reinfections, chemokine receptor reflecting Th1 or Th2 immune response was analyzed on effector-memory (CD45Ro + CCR7 − ) and central-memory (CD45Ro
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Statistically higher percentages of CCR4 + CD4 T EM cells (61.94%) distinguished RSV-infected children from other viral infections (52.02%) and healthy controls (42.89%) (Figure 3(a) ).
In convalescence, 4-6 weeks after acute infection, the percentage of CCR4 + CD4 T EM cells returned to the levels observed for healthy children. Low percentages of CCR4 + CD8 T EM (Figure 3(c) ) showed no differences between infected children and healthy controls (3.075%), neither in acute (RSV, 1.395%; non-RSV, 2.048%) nor in convalescent phase (RSV, 1.236%; non-RSV, 1.921%).
No differences in expression of CXCR3 on CD4 T EM cells between children with acute respiratory infections and healthy controls (RSV, 26.64%; non-RSV, 15.80%; HC, 16.50%) could be detected. In convalescent phase only infants with other viral infections (48.03%) managed to develop increased percentages of CXCR3 + CD4 T EM (Figure 3(b) ), while children with RSV infection showed only tendency to develop increased percentages of CXCR3 + CD4 T EM cells.
Percentages of CXCR3 + CD8 T EM cells were higher only in RSV-infected children (Figure 3(d) ) in acute disease (48.10%) and convalescent phase (54.77%), compared to healthy controls (21.76%). Contrarily, in children with other viral infections percentages of CXCR3 + CD8 T EM cells became significantly higher (61.94%) in convalescent phase of infection.
Analysis of CD4 and CD8 T CM cells (Figure 4 ) in RSV and other respiratory infections revealed no differences in CCR4 + receptor expression for either of tested groups, in acute or convalescent phase. On the other hand, children with non-RSV infections showed significant increase in percentages of both CXCR3 + CD4 (46.79%) and CD8 T CM cells (67.80%) 4-6 weeks after acute infection (CD4 T CM 15.56%; CD8 T CM 59.10%) compared to healthy controls (CD4 T CM 19.47%; CD8 T CM 51.59%).
Correlations with Disease Severity.
Clinical data like wheezing, heart rate, respiratory frequency, and oxygen saturation at admission, together with duration of hospitalization, were collected for infants with acute RSV infection. Higher respiratory frequency, higher heart rate, and lower oxygen saturation related to more severe form of disease.
To normalize respiratory frequencies we calculated to which centile the value belongs based on the age of the patient [22] . Centile groups present the deviation from the normally expected respiratory rate values and were numerated and used to correlate with chemokine levels. Serum levels of Th2-associated chemokines, CCL17 and CCL22, negatively correlated with disease severity in RSVinfected children ( Figure 5(a) ), that is, heart rate ( CCL17 = −0.60; CCL22 = −0.72), oxygen saturation ( CCL17 = 0.60; CCL22 = 0.58), and wheezing duration ( CCL17 = −0.61). On the contrary, serum levels of Th1-associated chemokine CXLC10 levels positively correlated with more severe clinical findings, that is, heart rate ( = 0.83), respiratory frequency ( = 0.90), and oxygen saturation ( = −0.76). Correlations with CXCL10 and CCL17 were confirmed by correlating chemokine levels with disease severity score ( Figure 5(b) ).
Discussion
Acute RSV bronchiolitis results in augmented infiltration of activated T lymphocytes at the peak of infection that has been related to the appearance of severe disease as a result of pronounced immunopathology [23] . Since RSV is capable of inducing type-1 and type-2 immune responses simultaneously in infants [2, 19] , contribution of each was studied by measuring serum levels of associated chemokines and specific receptor expression on peripheral blood T cells.
Early in life, T cells show intrinsic biased type-2 responses to different pathogens, as Th2 and Th1 cytokines have been detected in nasopharyngeal aspirates from infants infected with different viruses [2] . We detected increased CCL17 levels only in serum of RSV-infected children (Figure 1) , which is not surprising since CCL17 is directly induced by infection of respiratory epithelial cells [24] and could be further augmented in the presence of Th2 cytokines [25] . In a similar study, Roe et al. have not found increased CCL17 levels while other chemokine levels were lower compared to our study [20] . This might be due to different sensitivity of the same assay when used for plasma versus serum samples, as indicated by the manufacturer. Moreover, Fujisawa et al. have measured comparable serum CCL17 levels in healthy infants using in-house developed ELISA assay [26] . Additionally, patient cohort recruited by Roe et al. [20] included infants with more severe disease, requiring oxygen supplementation, and different chemokine response could be expected since we found that levels of CCL17 negatively correlate with disease severity ( Figure 5 ).
RSV infection of respiratory epithelial cells induces secretion of both, CCL17 and CCL22, Th2 associated chemokines [24] potentiating local infiltration of CCR4 + helper T lymphocytes. Subsequently, Th2 cytokines stimulate epithelial cells to produce excessive levels of CCL17 and CCL22 [25] . Although Th2 immune response confronts efficient anti-RSV response, in a murine RSV-model, IL-4 exerted beneficial effect on the RSV-caused immunopathology by downregulation of inflammatory cytokines [27] . Therefore, it is not surprising that measured serum Th2-related chemokines negatively correlated with disease severity ( Figure 5 ). Many studies emphasized that Th2 cytokines could alter efficient Th1 antiviral immune response and lead to the development of more severe disease, but we have observed a higher IL-4 production in infants with lower respiratory tract infection [19] .
The majority of viruses induce CXCL10 expression by the infected cells which is in line with increased CXCL10 serum levels detected in RSV-and other virus-infected children (Figure 1) . CXCL10 is the most abundantly present chemokine in the airways of RSV-infected infants [8] originating from infected epithelial cells [5] . High lung CXCL10 levels confirm the development of a Th1 immune response but coincide with exacerbated inflammation involving infiltration of IFN-producing T cells in murine RSV model [6] . IFN-levels are inconsistently low in RSV-infected infants and have not shown direct correlation with disease severity [2, 28] but increased and prolonged TNF-production; another Th1 related cytokine has been linked to severe clinical picture in RSV infection. Although CXCL10 is considered a Th1-related chemokine positively regulated by IFN-, other cytokines like IFN-type I, TNF-, and IL-1 also potently induce its production and emphasize CXCL10 as profound proinflammatory chemokine. Therefore, it is not surprising that CXCL10 serum levels positively correlated with aberrant clinical findings ( Figure 5 ). Moreover, blocking CXCL10 receptor decreases airway TNF-mediated hyperresponsiveness and inflammation [29] , a common clinical manifestation noticed in severe RSV infection.
Since targeted migration of activated Th1 and Th2 cells via chemokines depends on a specific chemokine receptor expression, we analyzed CCR4 and CXCR3 on peripheral blood T cells. Our results confirmed that percentages of total CCR4 + CD4 and CD8 T cells did not differ between study groups, as previously shown by Roe et al. [20] , who observed higher CCR4
+ /CXCR3 + CD4 T cells ratio. Additional analysis of CD4 subpopulations revealed an increased percentage of CCR4 + CD4 T EM cells only in children with acute RSV infection ( Figure 3 ). The increase was transient since 4-6 weeks later percentages decreased to the levels observed for healthy children. High CCL17 levels accompanied with increased percentage of CCR4 + effectormemory Th2 cells during acute RSV infection are probably responsible for the enrichment within lungs and might contribute to the local Th2 cytokine production, confronting efficient antiviral Th1 immune response [30] by increasing activation threshold for Th1 cells and ultimately leading to more severe disease [31, 32] .
Similar to CCR4, there was no difference in percentages of total CXCR3 + CD4 T cells between infected children at admission and healthy controls (Figure 2 ). Contrary to CD4 T cells, high percentages of CXCR3 + CD8 T cells were acquired in RSV-infected children (Figure 2 ), confirming their preferential differentiation into type-1 phenotype and importance in antiviral immune responses [33] .
As CXCR3 is predominantly expressed on memory T cells, subpopulation analysis revealed increased percentage of peripheral CXCR3
+ CD8 but no CD4 T EM cells (Figure 3 ) in acute RSV infection, indicating that augmented antiviral type-1 CTL response is necessary to balance type-2 microenviroment and restrain viral infection [34] . CD8 T EM cells dominate in the lungs of RSV-infected infants and contribute to viral control but could also ultimately exaggerate observed immunopathology [35, 36] .
High percentage of CXCR3 + CD8 T EM cells in RSV and other virus-infected children remained in periphery beyond clinical disease resolution and might be related to the development of protective short-lived type-1 adaptive immune response. But the development of CXCR3 + CD4 and CD8 T CM cells seems to be altered since higher percentages in convalescent phase have been enumerated only in children with other viral infections (Figure 4 ), addressing possible defect in long-lived type-1 adaptive immune response that could relate to recurrent RSV infections. CXCR3 is early T cell activation marker and designate heterogeneous population in regard to type-1 cytokine production [37] . The majority of these early on activated CXCR3 + T cells produce high levels of proinflammatory TNF-but less IFN-, indicating that additional signals are required to obtain more differentiated polyfunctional T cells. Acute primary RSV infection in infants is accompanied with low IFN-but high TNF-levels, indicating an incomplete polyfunctional T cell differentiation. Moreover, the predominant TNF-production by type-1 T cells might be related to observed exaggerated inflammation and severe pathology. The possible role for concomitant type-2 response interfering with polyfunctional type-1 response in primary RSV infection should be addressed.
Although a small number of tested patients were included in our study, it confirmed the presence of altered CCR4 and CXCR3 chemokine receptor expression on T cells in children with acute RSV infection. This is related to increased proinflammatory type-1 response and inadequate counterbalance by type-2 response, leading to more severe disease and deregulated development of long-lived memory T cells.
